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SERS substratesWe report here the synthesis and characterization of transparent and homogeneous thin ﬁlms of reduced
graphene oxide/silver nanoparticles (rGO/AgNPs) nanocomposites, starting from graphene oxide (GO) or
reduced graphene oxide (rGO), directly obtained at a water/toluene liquid–liquid interface. Different
ﬁlms (obtained by varying the Ag/rGO or Ag/GO ratio) were prepared, deposited over glass or plastic sub-
strates, and characterized by X-ray diffraction, UV–Vis and Raman spectroscopy, thermal analysis, trans-
mission and scanning electron microscopy. Samples were evaluated as substrates for surface-enhanced
Raman spectroscopy (SERS), using dilute solutions (1  107 mol L1) of a common probe molecule, 4-
aminothiophenol (4-ATP). These materials exhibit signiﬁcant high-quality SERS activity, and enhanced
modes could be observed for 4-ATP, which suggested that charge transfer occurred between the Ag nano-
particles and 4-ATP molecules.
 2014 Elsevier Inc. All rights reserved.1. Introduction
Surface-enhanced Raman spectroscopy (SERS) [1] has received
much attention, primarily as an analytical technique for ultrasensi-
tive physics, chemistry and biology. The large enhancement of nor-
mally weak Raman signals arises from electromagnetic (EM) and
chemical/charge transfer (CT) mechanisms. The SERS effect is dom-
inated by the strong electromagnetic ﬁeld enhancement near
metallic nanostructures, which is due to the excitation of localized
surface plasmon resonance (LSPR) on the metal surface [2,3]. The
relationship between the optical properties of metallic nanoparti-
cles and their LSPR has been studied, in particular for metals such
as Au, Ag and Cu, which can amplify surface Raman signals by six
orders of magnitude [4]. For effective SERS activity, the metal par-
ticles must be small with respect to the wavelength of the exciting
light. This means that the ideal SERS-active systems must possess
structure in the 5–100 nm range, which is achieved by controlling
the size of the metal nanoparticles or by appropriate surface
roughening of metallic surfaces [5,6].
A SERS-active surface can be produced by electrochemical
roughening [7], nanosphere lithography [8], and the self-assembly
of nanoparticles on the surface [9].The speciﬁc combination of noble metals and carbonaceous
materials, such as carbon black and carbon nanotubes (CNTs),
can signiﬁcantly enhance their catalytic, electrochemical and elec-
trical properties. More recently, reduced graphene oxide (rGO) and
graphene oxide (GO) have been used as novel and promising plat-
forms for the preparation of graphene-based noble metal
nanostructures.
Graphene, a single sheet prepared from graphite, has an ideal
2D structure in which monolayers of carbon atoms are packed into
honeycomb crystal planes [10]. Graphene is aromatic and hydro-
phobic, and many unique physical and chemical properties of
graphene have been discovered, making it a promising candidate
for certain applications, such as fuel cells, photovoltaic devices,
or biosensors [11–13]. Various methods for the synthesis of graph-
ene have been reported, improving opportunities for practical
applications. Among these methods, the chemical exfoliation of
graphite is one of the most attractive techniques for the large-scale
low-cost production of GO and rGO sheets [14–16].
Various metal nanostructures, such as silver nano-particles
(AgNPs), have been assembled successfully on GO or rGO, and
these materials are excellent candidates for SERS-based sensors,
which has been demonstrated by using certain molecules with
high afﬁnity for noble metal particles (Rhodamine, 4-ATP) as
Raman probe molecules [17,18]. Recent reports showed that the
use of rGO or GO in the synthesis of nanoparticles eliminates the
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nanoparticle size and shape [19,20]. This control is an important
factor for applications in SERS, and SERS-active graphene-NPs have
been studied extensively for this reason [21,22].
Many methods have been developed to fabricate SERS-active
surfaces involving rGO or GO with nano-particle structures: metal
evaporation [23], electrochemical deposition of nanoparticles on
rGO [24], and layer-by-layer self-assembly techniques [25]. How-
ever, there are few reports of the preparation of thin ﬁlms using
GO or rGO as a template to synthesize metal NPs and fabricate
metal NPs-rGO composites on substrates. An in situ one-step syn-
thesis to integrate metal NPs with GO or rGO is of critical interest.
Thus, it is necessary to ﬁnd a simple method for fabricating large
uniformly distributed rGO-NPs hybrid materials.
We recently reported the one-step synthesis of thin ﬁlm com-
posites such as carbon nanotubes/polyaniline [26] and rGO/poly-
aniline [27] by interfacial polymerization. In the present study,
we report a facile method for synthesizing thin ﬁlms of rGO and
AgNP composites. This one-step synthesis is performed with an
interfacial system. Free-standing ﬁlms are obtained spontaneously
at water/toluene interfaces and could be removed and easily
deposited on any type of substrate without a pre-treatment or a
chemical stabilizer. Samples were prepared with different rGO/
AgNP ratios, and the interaction between the components was
studied through different characterization techniques. All of these
nanocomposites were tested for potential use as active SERS sub-
strates for the detection of 4-aminothiophenol (4-ATP).Table 1
Experimental conditions for the synthesis of nanocomposite ﬁlms.
Sample GO (mL) rGO (mg) AgNO3 (mg) NaBH4 (mg)
rGO1 30.0 – – 120
rGO1/AgNPs-1/0.5 30.0 – 0.30 120
rGO1/AgNPs-1/2 30.0 – 1.2 120
rGO1/AgNPs-1/5 30.0 – 3.0 120
rGO2 – 0.60 – –
AgNPs – – 1.2 4.8
rGO2/AgNPs-1/0.5 – 0.60 0.30 1.2
rGO2/AgNPs-1/2 – 0.60 1.2 4.8
rGO2/AgNPs-1/5 – 0.60 3.0 122. Experimental
2.1. Materials
Analytical grade toluene (Carlo Erba), triﬂuoroacetic acid (TFA,
Vetec), sodium borohydride (Merck), graphite powder (99.84%,
from the Nacional de Graﬁte – Brazil), KMnO4 (synth, 99%), silver
nitrate (Vetec), sulfuric acid (Vetec), hydrochloric acid (Vetec),
NaNO3 (Vetec), and aqueous solution of H2O2 (30% w.w1, Vetec),
were used as received. Water was deionized using a milli-Q ultra-
pure water puriﬁcation system.
2.2. Preparation of graphite oxide (GrO)
The GrO was prepared by oxidizing graphite according to a
modiﬁed Hummers method [28]. First, 46.0 mL of H2SO4 was
added to a 500 mL round-bottom ﬂask, containing 2.0 g of graphite
and 1.0 g of NaNO3, in an ice bath and stirred magnetically for
15 min. Next, 6.0 g of KMnO4 was added to the system, and the
mixture was maintained under strong magnetic stirring for
75 min. In the next step, 92 mL of deionized water was added. After
15 min, 280 mL of hot deionized water (100 C) was added, fol-
lowed by 10 mL of 30% H2O2 solution. The solid product was sepa-
rated and washed repeatedly with 10% HCl to remove sulfate ions,
and then washed repeatedly with distilled water until it was free of
chloride ions. The product was separated by ﬁltration and dried at
70 C for 24 h.
2.3. Preparation of reduced graphene oxide (rGO)
The GrO was suspended in water (1 mg mL1) and agitated in
an ultrasonic bath (Unique, 37 kHz) for 90 min. The resulting dis-
persion of graphene oxide (GO) was centrifuged (3000 rpm) for
90 min, and the solid was removed. To the resulting stable brown
dispersion, a suitable amount of sodium borohydride was added
(4.0 mg NaBH4 per mL of GO dispersion), and the system was
reﬂuxed for 3 h at 130 C. The resulting black solid (rGO) was sep-arated by ﬁltration, washed several times with distilled water and
dried at 50 C for 24 h. The rGO and GO were used as matrices for
the preparation of composites with Ag nanoparticles.2.4. Preparation of rGO/Ag composites
The rGO/Ag composites were prepared with two different
methods, starting from GO or rGO. Three different samples were
prepared in each method, by varying the initial ratio between the
components. The different ratios were estimated by ﬁxing the
amount of rGO or GO and varying the AgNO3 weight: 1/0.5; 1/2;
and 1/5. Route 1: In this route, GO was used as starting material,
and the composites were named rGO1/AgNP. For the preparation
of these composites, 30.0 mL of a homogeneous aqueous suspen-
sion containing 0.02 mg mL1 of GO was mixed with a deﬁned
mass of AgNO3 (Table 1), and this volume was added to a
50.0 mL round-bottom ﬂask containing 20.0 mL of toluene. The
two-phase reaction was maintained under strong stirring
(1500 rpm, using a magnetic stirrer and a stir bar, 5 mm diame-
ter  15 mm length) for 90 min before adding the reducing agent.
After this period, an amount of 4.0 mg of NaBH4 for each mL of
GO dispersion was added to the system (Table 1). The reaction
mixture was stirred for another 30 min. The magnetic stirring
was stopped, and immediately a gray and transparent ﬁlm sponta-
neously formed at the interface. To remove excess of borate and
reaction side-products, both aqueous and organic phases were
changed constantly (by successive removal of toluene and water
followed by addition of new portions of those solvents). This pro-
cedure was repeated 12 times. For comparison, a rGO ﬁlm was pre-
pared by exactly the same experimental procedure as the
composites but without AgNO3, and designated the rGO1 ﬁlm.
Route 2: In this route the rGO was used as starting material, and
the obtained nanocomposites were designated rGO2/AgNP. For
the preparation of these samples, 0.60 mg of rGO was added to a
mixture of 20.0 mL of toluene and 40.0 lL of triﬂuoroacetic acid
(TFA) in an Erlenmeyer ﬂask, and the system was agitated in an
ultrasonic bath (Unique, 37 kHz) for 60 min. The TFA has been used
as a co-solvent in order to improve the stability of rGO dispersion
[26,27,29]. The resulting mixture was subsequently transferred to
a 50.0 mL round-bottom ﬂask containing 30.0 mL of an aqueous
solution of AgNO3 (Table 1). The two-phase system was main-
tained under strong stirring for 90 min. After stirring, a determined
amount of NaBH4 (Table 1) was added to the mixture, and the reac-
tion was continued for 30 min. The AgNO3/NaBH4 mass ratio was
ﬁxed as 0.25 for all synthesis (Table 1). When the magnetic stirring
was stopped, a gray transparent ﬁlm formed spontaneously at the
interface. Both the aqueous and organic phases were changed as
described for the previous procedure. For comparison, samples of
neat rGO were prepared according to the same experimental pro-
cedure described above (without AgNO3 and NaBH4), and the ﬁlm
was designated as rGO2. Also, a neat silver nanoparticle ﬁlm was
prepared following the same procedure, but without the previous
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temperature.
Five other samples were prepared with exactly the synthetic
conditions used for the rGO2/AgNPs-1/2 sample (as described in
Table 1) but performed in different round-bottom ﬂasks: 50, 250,
100, 500 and 1000 mL in size.
Deposition of nanocomposite ﬁlms on substrates was per-
formed as follows: clean substrates (planar quartz or PET sub-
strates) were put in a beaker, and the ﬁnal system (water/ﬁlm/
toluene) was entirely transferred to the beaker. With the aid of
tweezers, the substrate was pulled out of the beaker, and a ﬁlm
was deposited on the substrate. This scheme for the preparation
and deposition of rGO/Ag ﬁlms on different substrates is summa-
rized in Fig. 1.
2.5. Measurements of SERS effect
The as-prepared rGO1/AgNP and rGO2/AgNP nanocomposite
ﬁlms were used as SERS substrates for sensing 4-aminothiphenol
(4-ATP). 30.0 lL of an aqueous solution of 4-ATP (1 mmol L1,
0.1 mmol1, 10 lmol L1, 1 lmol L1, 0.1 lmol L1) was dropped
over each composite ﬁlm (deposited on a glass substrate) and then
dried under vacuum for 24 h. The Raman spectra were collected in
the region in which the solution was dropped. The same procedure
was also performed using the neat glass substrate (control), a silver
nanoparticle ﬁlm deposited over glass substrate (without graph-
ene), and both the rGO1 and rGO2 ﬁlms deposited over glass
substrates.
2.6. Characterization
The Raman spectra were obtained in a Renishaw Raman Image
spectrophotometer coupled to an optical microscope that focuses
the incident radiation to a spot that is approximately 1 lm in
diameter. An Ar+ laser (emitting at 514.5 nm) with incident power
of 0.35 mW was used. UV–vis spectra were collected directly from
ﬁlms deposited on quartz slides using a Shimadzu UV-2450 spec-
trophotometer in the 190–800 nm range with air as the reference.
X-ray diffraction measurements were performed with a Shimadzu
XRD-6000 diffractometer using Cu Ka radiation at 40 kV and
40 mA and an 0.02 scan rate (in 2h), using a THA 1101 thin ﬁlm
accessory (h = 0.1). Diffractograms were obtained directly from
ﬁlms deposited on glass substrates. Transmission electron micros-
copy (TEM) was performed with a JEOL JEM 120 kV instrument.
The ﬁlms were collected directly from the liquid–liquid interface
to the copper grids without carbon ﬁlms, which mean that the
images correspond to the self-supported ﬁlms supported. The
scanning electron microscopy (SEM) images were obtained in aFig. 1. Schematic representation of the depTescan FEG microscope using a voltage of 10 kV. Images were
obtained directly from ﬁlms deposited on silicon monocrystals.
Thermogravimetric analyses (TGA) were carried out in SDT Q600
equipment (TA Instruments) under an atmosphere of synthetic
air (White Martins, 100 mL min1) at a heating rate of 5 C min1.
The ﬁlms thickness and roughness were measured using a Veeco
DekTak 150 scanning proﬁlometer with 1 nm resolution and a
12.5 lm tip size. Measurements have been performed in quintupli-
cate for each sample.3. Results and discussion
In samples obtained through route 1, both Ag+ cations and GO
are mixed in the same aqueous phase, and they are reduced simul-
taneously by the sodium borohydride. The simultaneous reduction
of GO and Ag+ ensures a uniform mixture of rGO and silver nano-
particles in the ﬁnal product. In route 2, there is a heterogeneous
process due to the physical separation of the rGO (originally at
the organic phase) and the precursor for the silver nanoparticles
(Ag+ ions) at the aqueous phase. Under strong magnetic stirring,
these two phases form a water/oil emulsion, and the Ag+ is reduced
to Ag nanoparticles at the water/oil interface of the emulsion drop-
lets by the reducing agent (sodium borohydride). The rGO platelets
are located preferentially at these interfaces, and they can both
support and stabilize the growing silver nanoparticles (to avoid
agglomeration). In both routes, after the stirring is interrupted,
the aqueous and organic phases are regenerated, and the solid
material spontaneously self-organizes as a thin ﬁlm at the
interface.
The formation of silver nanoparticles in all nanocomposites
(starting from both rGO and GO) was identiﬁed by a color changes
in the aqueous solution from colorless to greenish-yellow after the
addition of NaBH4. This yellow color, however, disappears after
30 min of stirring (the aqueous phase returns to a colorless state),
indicating that all the silver nanoparticles are incorporated in the
interfacial ﬁlm.
Digital photographs of the rGO1, rGO2, rGO1/AgNP and rGO2/
AgNP nanocomposite ﬁlms deposited on glass substrates are
shown in Fig. 2. The transparency and optical quality of these ﬁlms
are apparent.
The thickness, roughness and transmittance (550 nm) of these
ﬁlms are presented in Table 2. As can be seen, an increase in the
concentration of AgNO3 during the samples preparation increases
both the thickness and roughness (more than 100%) of the ﬁlms,
and decreases their transparence. These effects are directly related
to the increase in the amount of the silver nanoparticles and the
agglomeration of these particles, as will be discussed further.osition of ﬁlms on different substrates.
Fig. 2. Digital photograph of ﬁlms deposited on glass substrates. (A) Nanocompos-
ites starting from GO: (a) rGO1; (b) rGO1/AgNPs-1/0.5; (c) rGO1/AgNPs-1/2 and (d)
rGO1/AgNPs-1/5. (B) Nanocomposites starting from rGO (a) rGO2; (b) rGO2/AgNPs-
1/0.5; (c) rGO2AgNPs-1/2 and (d) rGO2/AgNPs-1/5.
Table 2
Thickness, roughness and transmittance (at 550 nm) of the ﬁlms.
Film Thickness (nm) Transmittance (%) Roughness (nm)
rGO1 109 ± 10 86 92 ± 16
rGO1/AgNPs-1/0.5 175 ± 28 78 143 ± 10
rGO1/AgNPs-1/2 195 ± 42 68 235 ± 32
rGO1/AgNPs-1/5 280 ± 37 55 332 ± 72
rGO2 76 ± 26 78 125 ± 21
rGO2/AgNPs-1/0.5 253 ± 83 67 227 ± 52
rGO2/AgNPs-1/2 325 ± 78 61 285 ± 48
rGO2/AgNPs-1/5 426 ± 54 58 368 ± 68
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the round-bottom ﬂask diameter on the ﬁlm thickness. Four
another samples were prepared in different round-bottom ﬂasks
(50, 250, 500 and 1000 mL). The Fig. 3 illustrates the correlation
between round-bottom ﬂask diameter and ﬁlm thickness. It is clear
the dependence on the ﬁlm thickness with the diameter of the
round-bottom ﬂask in which the synthesis is carried out. Once all
the reactions are carried out starting from exactly the same
amounts of reactants, and keeping the stirring velocity and tem-
perature, the total weight of product deposited as a ﬁlm at the
liquid–liquid interface is expected be the same. Increasing the
interfacial area between the two immiscible liquids (by increasing
the diameter of the round-bottom ﬂask) the same weight of mate-
rial is supposed to be more sprayed at the interface, which means
smaller thickness. This is a very interesting result, because an
important property of thin ﬁlms (thickness) can be controlled by
a very simple experimental parameter, as the diameter of the
round-bottom ﬂask used in the synthesis. Table S1 (SupportingFig. 3. Inﬂuence of the diameter of the ﬂask on the thickness of the ﬁlm.Information) shows the thickness, diameter and transmittance of
these ﬁlms prepared in different round-bottom ﬂasks.
Fig. 4 shows the absorption spectra of ﬁlms deposited on quartz
substrates. The band characteristic of rGO at approximately
270 nm (attributed to the p–p⁄ transition) can be detected in the
spectra of all ﬁlms prepared by both routes (with GO or rGO).
The UV–Vis spectrum is strong evidence that in route 1, the GO
was reduced to rGO using NaBH4 at room temperature.
The UV–Vis spectrum of neat GO is shown in Fig. S1 (Supporting
Information): the band at 230 nm represents the p–p⁄ transition of
aromatic CAC, and the band at 300 nm is attributed to n–p⁄ tran-
sition of C@O groups [30]. In the spectra of all samples prepared
by the Route 1, the band at 230 nm shifts to 270 nm, indicating
the restoration of electronic conjugation within graphene sheets,
and the band at 300 nm disappears, conﬁrming the reduction of
GO during the process.
Additionally, the spectra of all composite ﬁlms contained
another band at approximately 365 nm due to silver plasmons,
as reported in the literature [31,32]. Surface plasmon band shifts
usually depend on a number of factors, such as variation in the
dielectric constant, the electron density of the Ag nanoparticles
induced by the graphene sheets, and particle sizes and shapes
[33,34]. The band intensity at 365 nm in the spectra of these nano-
composites increases in samples prepared with higher concentra-
tion of AgNO3, indicating an increase in the density of
nanoparticles in these nanocomposites, as expected.
The ﬁlms were analyzed by X-ray diffraction (XRD), and the
results are shown in Fig. 5. The peaks observed at 2h values of
38.1, 44.4, 64.5 and 77.5 in all nanocomposite samples are
assigned to the (111), (200), (220) and (311) crystallographic
planes of face-centered cubic (fcc) silver, conﬁrming the produc-
tion of this compound [35]. The crystallite diameters for each sam-
ple were estimated by Scherrer’s law to be 31, 40 and 53 nm for the
samples rGO1/AgNPs-1/0.5, rGO1/AgNPs-1/2 and rGO1/AgNPs-1/5,
and 27, 31 and 58 nm for the samples rGO2/AgNPs-1/0.5, rGO2/
AgNPs-1/2 and rGO2/AgNPs-1/5, respectively. These data shows a
clear relationship between the crystallite size and the amount of
silver precursor, for both sets of samples.
Fig. 6 shows thermogravimetric curves for the samples. The
curves of rGO1 and rGO2 show three region of weight losses: (i)
from room temperature till approximately 130 C, due the loss of
water; (ii) between 130 and 380 C, attributed to the loss of func-
tional groups (epoxy, hydroxyl and carboxyl) remaining on the rGO
surface, indicating that the reduction was not complete; (iii) from
380 to 550 C, associated with graphene oxidation [36,37]. Com-
parison between the curves for rGO1 and rGO2 shows different
oxidation temperatures, at approximately 450 C and 390 C,
respectively. This effect is related to the way in which each mate-
rial was primarily reduced from GO to rGO. The reduction in rGO2
is more aggressive, removing functional groups but creating Stone–
Wales defects [38,39] in the structure, consequently decreasing the
oxidation temperature.
The thermogravimetric curves of composites synthesized by
route 1 (Fig. 6A) reveal the maintenance of the oxygenated groups
originally present in the rGO in the nanocomposite samples. The
presence of silver nanoparticles decreases the oxidation tempera-
ture of the rGO1, indicating an inﬂuence of the metal on the oxida-
tion process of carbonaceous structure [40]. The maximum
temperature of oxidation was 450 C for rGO1, 338 C, 357 C and
315 C for rGO1/AgNPs-1/0.5, rGO1/AgNPs-1/2 and rGO1/AgNPs-
1/5, respectively. The ﬁnal amount of silver in each sample can also
be estimated by the residue remaining after the thermogravimetric
measurement. As expected, the amount of silver obtained in each
ﬁlm is directly related to the amount of silver precursor (AgNO3)
in each synthetic procedure. These and other relevant data
extracted from the TG curves are shown in Table S1.
Fig. 4. UV–Visible spectra of nanocomposites ﬁlms. (A) Samples prepared from GO: (a) rGO1; (b) rGO1/AgNPs-1/0.5; (c) rGO1/AgNPs-1/2 and (d) rGO1/AgNPs-1/5. (B)
Samples prepared from rGO: (a) rGO2; (b) rGO2/AgNPs-1/0.5; (c) rGO2AgNPs-1/2 and (d) rGO2/AgNPs-1/5.
Fig. 5. XRD pattern of nanocomposites ﬁlms. (A) Samples starting from GO: (a)
rGO1; (b) rGO1/AgNPs-1/0.5; (c) rGO1/AgNPs-1/2 and (d) rGO1/AgNPs-1/5. (B)
Samples starting from rGO: (a) rGO2; (b) rGO2/AgNPs-1/0.5; (c) rGO2/AgNPs-1/2
and (d) rGO2/AgNPs-1/5.
Fig. 6. Thermogravimetric analysis of samples. (A) Starting from GO: (a) rGO1; (b)
rGO1/AgNPs-1/0.5; (c) rGO1/AgNPs-1/2 and (d) rGO1/AgNPs-1/5. (B) Starting from
rGO: (a) rGO2; (b) rGO2/AgNPs-1/0.5; (c) rGO2/AgNPs-1/2 and (d) rGO2/AgNPs-1/5.
H. Mehl et al. / Journal of Colloid and Interface Science 438 (2015) 29–38 33Fig. 7(A) and (B) shows the transmission electron microscopy
(TEM) images of samples prepared starting from GO and rGO,
respectively. As can be seen, TEM images revealed that both the
rGO1 and rGO2 ﬁlms consist of randomly aggregated, thin, crum-
pled graphene-like structures that are closely associated with each
other, resulting in disordered solids ﬁlms with few sheets [27]. The
presence of silver nanoparticles is evident in all nanocomposites,
Fig. 7. Transmission electron microscopy (TEM) image of the nanocomposite ﬁlms. (A) using GO: (a) rGO1, (b) rGO1/AgNPs-1/0.5, (c) rGO1/AgNPs-1/2 and (d) rGO1/AgNPs-1/
5. (B) Using rGO: (a) rGO2, (b) rGO2/AgNPs-1/0.5, (c) rGO2/AgNPs-1/2 and (d) rGO1/AgNPs-1/5.
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distribution and aggregation in the different samples. The TEM
images showed in Fig. 7 clearly indicate that for both preparation
routes, both the size and shape of the Ag nanoparticles are strongly
inﬂuenced by the initial amount of AgNO3 precursor.Samples containing smaller amounts of silver nanoparticles
(rGO1/AgNPs-1/0.5 and rGO2/AgNPs-1/0.5) are characterized by
rGO sheets decorated with large amounts of well-dispersed Ag
nanoparticles (showing sizes between 5–20 nm and 5–25 nm for
the samples rGO1/AgNPs-1/0.5 and rGO2/AgNPs-1/0.5,
H. Mehl et al. / Journal of Colloid and Interface Science 438 (2015) 29–38 35respectively), and few agglomerated particles were observed. For
both routes, both the medium size and the agglomeration degree
of the nanoparticles increase with the increasing of the silver pre-
cursor (and consequently the amount of silver): 20–40 nm (rGO1/
AgNPs-1/2); 30–65 nm (rGO1/AgNPs-1/5); 20–60 nm (rGO2/
AgNPs-1/2) and high-agglomerate larger than 300 nm (rGO2/
AgNPs-1/5). Although the results obtained from the Scherrer’s
law and from the TEM images are related to different phenomena
(crystallite and diameter sizes, respectively), the values obtained
from these techniques are close and present the same trend, except
for the high-agglomerated rGO2/AgNPs-1/5 sample.
The TEM data clearly differentiate the samples prepared from
the two experimental methodology, in which concern the size,
agglomeration and distribution of the silver nanoparticles. It is
interesting verify that samples rGO1/AgNPs-1/5 and rGO2/AgNPs-
1/2 are very similar in respect to the amount of silver (67% and
68%, respectively) and size of the nanoparticles (between 30–65
and 20–60 nm).
Comparing the two routes, the samples prepared starting from
GO showed silver nanoparticles more homogeneously dispersed
and less agglomerated. These data should be associated with the
previous interaction between the Ag+ ions and the functional
groups of the GO in aqueous solution, before the reduction step,
conferring higher stability and a route to control the silver nano-
particles size. The different shapes and sizes of the silver nanopar-
ticles, as well as the different interactions between the particles
and the graphene, are the responsible by the different behavior
of the plasmon band in each sample, observed in the UV–Vis spec-
tra and discussed before.
Fig. 8 shows the scanning electron microscopy (SEM) images of
the samples. The images of rGO1 and rGO2 shows stacked layers of
graphene sheets with micron-sized wrinkles that are probably the
result of rGO sheets bending during the deposition the ﬁlms. As
seen in the TEM images, the SEM images conﬁrm the presence of
silver nanoparticles in all composites. It is also noted that the
amount of nanoparticles increased with increasing concentration
of AgNO3, and therefore resulted in the agglomeration of AgNPs
which de-presses the uniform distribution of AgNPs on the rGO
sheets.
A clear difference between the morphology of the composites
starting from GO and rGO is how the particles are arranged over
the rGO sheets. In composites starting from GO, the silver nanopar-
ticles looks like coated by rGO, as can be seen in the inset of
Fig. 8(a)–(d). Starting from rGO the silver nanoparticles are more
available on rGO surface sheets.
The Raman spectra of the nanocomposite ﬁlms are presented in
the supplementary material (Fig. S2). All spectra contain the char-
acteristic bands of rGO [39,40] the so-called D band at
1350 cm1, and the G band at 1590 cm1, the 2D band at
2700 cm1, and the D + D0 band at 2940 cm1. Analyzing the
Raman spectra of the rGO/AgNPs nanocomposite ﬁlms, it is notary
that these rGO-based bands are muchmore intense than in the cor-
responding rGOs Raman spectra. Previous studies showed that
Raman signals of carbon nanotubes attached to metallic nanostruc-
tures can be enhanced, and in these instances, carbon nanotubes
can be used as probe compound to investigate the SERS effect
[41]. Similarly, recent reports also showed that Raman signals of
rGO or GO were increased by attached noble metallic NPs
[42,43]. Thus, in our samples, the increased intensity of graphene
bands in the presence of silver nanoparticles can indicate that
these nanocomposites can be used as substrates for SERS.
To investigate the SERS effect, all of these nanocomposites ﬁlms
were used as substrates for sensing 4-aminothiophenol (4-ATP).
Thiols are frequently attached to metals because they react chem-
ically with gold, silver and cooper, forming stable metal-sulfurbonds; however, amino groups interact strongly with metal sur-
faces. Moreover, SERS investigations showed that organic molecule
with these groups adsorb on metal surfaces via sulfur atoms and
amino groups [4,44].
Fig. S3 shows the Raman spectra of solid 4-ATP and of the 4-ATP
solution (1  102 mol L1) on glass. The most characteristic bands
of the solid 4-ATP are centered at 1085 and 1588 cm1 (corre-
sponding to CAS and CAC stretching modes, respectively), and at
1168 and 1484 cm1 (which are assigned to pure CAH bending
and a combination of CAC stretching and CAH bending, respec-
tively) [45]. In the spectrum of the 4-ATP adsorbed on the glass
surface, only the two former bands are observed, in low intensity.
The Raman spectra of the 4-ATP solution (1  103 mol L1) over
the ﬁlm samples are shown in Fig. 9.
The SERS effect of the silver-containing ﬁlms is evident: no 4-
ATP bands are detected in the spectrum collected over the neat
r-GO ﬁlms. Also, noticeable differences in band intensities are
observed for the spectrum of 4-ATP on silver nanoparticles and
on rGO/AgNP composites ﬁlms, conﬁrming the SERS effect on all
spectra collected over Ag-containing ﬁlms.
In comparison to the neat spectrum of 4-ATP, the spectra pres-
ent in Fig. 9 show frequency shifts, the appearance of new bands
and changes in the relative intensity of the bands, due an effective
interaction between the 4-ATP molecule and the Ag nanoparticles
[45,46]. For example, the bands at 1084 cm1 (mCAS) and
1588 cm1 (mCAC) for solid 4-ATP are shifted to 1078 cm1 and
1578 cm1 in the SERS spectra, respectively. The spectral changes
observed in the SERS spectra are compatible with the occurrence
of Ag-S bonds between the thiol group of the 4-ATP and the silver
nanostructure surfaces [13,47]. The SAH stretching band is com-
pletely absent in the SERS spectra, reﬂecting the fact that 4-ATP
is absorbed on Ag as thiolate after the deprotonation of this group.
Additionally, three other bands were enhanced signiﬁcantly at
1142, 1389, and 1435 cm1, assigned to dCAH, mCAC + dCAH, and
dCAH + mCAC, respectively, with b2-type of symmetry. The bands
at 1578 and 1078 cm1 have a1-type symmetry [48,49]. The
assignments of all the Raman bands observed in the SERS spectra
presented in Fig. 9 are listed in Table S2, supplementary material.
Comparing the SERS data collected from all the nanocomposite
ﬁlms, it is noticeable that samples rGO1/AgNPs-1/5 and rGO2/
AgNPs-1/2 show the most signiﬁcant enhancement of the 4-ATP
bands. So, these two nanocomposites were subject of a Raman
spectroscopy study using different concentrations of 4-ATP aque-
ous solution.
Fig. 10A and B show spectra of 4-ATP solutions over rGO1/
AgNPs-1/5 and rGO2/AgNPs-1/2 composites, respectively, at con-
centrations of (1  103, 1  104, 1  105, 1  106, and
1  107 mol L1). As expected, signal enhancement is proportional
to the amount of 4-ATP molecules adsorbed on the composites. A
lower limit to the 4-ATP concentration was 1  105 mol L1 over
the rGO1/AgNPs-1/5 composites and 1  107 mol L1 over rGO2/
AgNPs-1/2 composites. The enhancement factor (EF) were calcu-
lated according the equation [50]:
EF ¼ ðIsers  NnormalÞ=ðInormal  NsersÞ;
where Isers are the intensities of the Raman band at 1085 cm1 for
each SERS substrate, Inormal is the intensity of the same Raman band
for the glasses substrate, Nnormal and NSERS are the number of mole-
cules probed for a normal Raman setting and probed in SERS respec-
tively. The EF found was 1.1  103 and 1.2  105 for samples rGO1/
AgNPs-1/5 and rGO2/AgNPs-1/2, respectively, indicating that the
latter shows a better SERS effect for 4-ATP. EF factors of 105 is com-
parable with several data presented in literature [51,52], with the
advantage (in comparison with other systems) that it can be easily
Fig. 8. Scanning electron microscopy (SEM) image of the nanocomposite ﬁlms. (A) Using GO: (a) rGO1, (b) rGO1/AgNPs-1/0.5, (c) rGO1/AgNPs-1/2 and (d) rGO1/AgNPs-1/5.
(B) Using rGO: (a) rGO2, (b) rGO2/AgNPs-1/0.5, (c) rGO2/AgNPs-1/2 and (d) rGO1/AgNPs-1/5.
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Fig. 9. 4-ATP spectra (1  103 mol L1) collected over the ﬁlms (A) starting from
GO: (a) rGO1; (b) NPsAg ﬁlm; (c) rGO1/AgNPs-1/0.5; (d) rGO1/AgNPs-1/2 and (e)
rGO1/AgNPs-1/5 and (B) starting from rGO (a) rGO2; (b) NPsAg ﬁlm; (c) rGO2/
AgNPs-1/0.5; (d) rGO2/AgNPs-1/2 and (e) rGO2/AgNPs-1/5.
Fig. 10. SERS spectra of different concentration of 4-ATP. (A) On rGO1/AgNP-1/5
ﬁlm composite: (a) 1  105 mol L1; (b) 1  104 mol L1 and (c) 1  103 mol L1
and (B) on rGO2/AgNP-1/2 ﬁlm composite: (a) 1  107 mol L1; (b) 1  106 -
mol L1; (c) 1  105 mol L1; (d) 1  104 mol L1 and (e) 1  103 mol L1.
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substrates, in a single-step reaction.
As previously discussed in XRD, TEM, and TGA analysis, the
nanoparticles size and the amount of nanoparticles are similar in
the rGO1/AgNPs-1/5 and rGO2/AgNPs-1/2 nanocomposites, and
so, it was expected that the SERS efﬁciency between both should
be almost the same. However, as previously analyzed by scanning
electron microscopy (Fig. 8), it can be seen that the morphology of
these samples are quite different. In rGO1/AgNPs-1/5, the silver
nanoparticles are coated by rGO and in rGO2/AgNPs-1/2, the silver
nanoparticles are more available on rGO surface sheets. Addition-
ally, rGO2/AgNPs-1/2 exhibits agglomerated nanoparticles, which
borders could act as hot-spots [53,54] to enhance the Raman signal
of 4-ATP. Thus, these two factors (nanoparticle agglomeration and
availability over rGO surface sheets) in rGO2/AgNPs-1/2 could be
the responsible for the enhance the detection of 4-ATP at low
concentrations.4. Conclusions
In summary, these work present novel and simple route to syn-
thesize graphene/silver nanoparticles materials, obtained directly
as thin, transparent and transferable ﬁlms, based on a liquid–liquid
interface. The route is innovative because the material is prepared
and processed (as thin ﬁlm) directly in one-pot reaction, without
the utilization of chemical stabilizer for the silver nanoparticles.
In all samples, the shapes and sizes of the silver nanoparticles
depend on the concentration of Ag+ precursor in solution, and
important variables as ﬁlm thickness and transmittance can be
easily controlled simple by varying the diameter of the liquid–
liquid interface.
All the samples prepared in this study showed SERS effects to 4-
ATP. However, the rGO1/AgNPs-1/5 and rGO2/AgNPs-1/2 nano-
composites gave the best results. The lower limit of detection of
the 4-ATP molecule over the rGO2/AgNPs-1/2 composite indicate
that this material has great potential for applications as a substrate
for SERS to different chemical and biological molecules.
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